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Abstract -~ b
g -
The observed properties of the variations in the inter-
planetary field, described in Part 1, are employed in deve_orin
& moiel for the typical interplanetary field. Some properiies
of tae bvenavior of solar protons in the mcdel field are cdeter-
minei. It is shown that protons with energies iess than
1 Mev would travel adiabatically throughout the solar systam,
protons with energies in the range 1-100 Mev would

irst encounter efficient scattering at neliocentric ranges

Hy

o

eycnd 1 AU, protons with energies in ihe range 100 Mev -

1 bev would encounter efficient scattering at ranges near

1 AU, and protons with energies greater than 1 bev would
first encounter efficient scattering at ranges less than
£U. Tt is argued thnat varicus properties of solar-proton
evenis may ve accounted for by this mocel. However, non-
relgvivistic solar-rliare electrons.would travel adiabaticarliy
tarcaghout interplanetary space. TFrom measurements descrived
in Fart i, it is shown that a good deal of the observed spread
in tae directions of travel of solar protcas in the inter-
plaretary Tield at the onset of an event is provably due to the

variations in the orientation of the field rather tnan o
i

=
o

spread in particle pitch angles. ¢




VARIATIONS IN THE INTERPLANETARY
MAGNETIC FIELD: MARINER 2

Fart 3. Scme Effects upon Cosmic Rays

_Paul J. Coleman, Jr.
institute of Geophysics and Planetary Physics
University of California, Los Angeies

Los Angeles 2k, California

1 (Coleman, 1966], some typical properties of
variziions in the interplanetary magnetic field were described.
In this third part, a simple model for the 'average' inter-

planetary field will be described. This model consists of a

superposition of a constant field, with the spirsl configuration

Ko

of trhe model of Parker [1958], and a zero-mean, time dependent

periiroation

b

ield with statistical properties at 1 A

~adsiaved oy the results presented in Part 1.
With the model established, the behavior of emergetic
sclar protons in such a field will‘be examinea. In particular
the rellocentric range at which a proton of a given energy wou.d
encolnter the greatest scattering will be determined for a wide

range of proton energies.
As in Part 1, a point in interplanetery space will bde
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For tae neliocentric coordinate system used here, the sun's

axis of rotation is the polar axis. The colatituée, 6§, is

meastred from the north pole of the sun. Thus, the vector,
&
§2
with the polar axis. The components of tize magnetic field,
B, at the point (r, 6, ¢) are then B., By, and B‘b, with 3

-+ : -
6 varallel to KS X r where r

is t.e radius vector from the center of the sun to

redicily outward from the sun, B

the point

(r, ¢, ¢), and B, completing the usual right-handed system.

g representing the angular momentum of the sun is coincicen
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-
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A Moceli for the Interplanetary Field

The observations of the interplanetary fieid described
in Part 1 provide information concerning the field in oniy a
relatively limited part of interplanetary space, ©Since solar
cosmic rays are affected initially by the fields between the sun
and the point of observation, we wiil reguire a model for the
Tiel« throughout interplanetary space.

Any model for this quiet field must exhibit, at 1 AU,

characteristics which are consistent on the average with the

93]

piral-field model and which, over shorter periods, are con-

[ 2]

istent with the temporal variations described in Part i.

The model for the interplanetary mecium that will be emplcyed
nere includes a perfectly conducting solar wind plasma, expanding
freely beyond a nelioceniric range r = T, at raaial velocity V_.
Tre aversge magnetic fielid at r, is directed radiaily with
magn.tude 3 o This model is just that employed by Parxer (1§58
in predicting the existence of the spiral-field configuration

in interpianetary space.

Superimposed on this average background field, 1s a

Y

;e -, - > =~ - - -
perturbation field bo. The field at (ro, 8, ¢), at time t

[WN

s subsequently carried out from the sun as a field frozen into

the expanding solar wind, thus providing the magnetic fielild at

’

{r, 3, ¢) at time t + At, where AL = (r-ro)/V .

As mentioned previously, the average field at ir




whici. is radial, will be dencted by Bso =& 3B

8. . The per-
r 8o

turbetion field at (ro, 8, ¢), which has been denoted go’ =S

o'y
1]
¢
+
me
(o2
+
e
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The sgymbol, éi, will be employed subsequently to denote a unit
vector in the 'i' direction. The magnitudes of the components

will be expressed as Fourier integrals of the form

‘Oi = boi (68, ¢, t) (e}
X
= [ ¢ y &
= jf a; cos [2nft + (2m8/A..) + (2w¢/ﬁ¢i) + 8, 0af
o

for . =r, 6, ¢. Here a,, A and A, are functions of £, and

8° é

i
§.. »s an arbitrary constant for each (f, i). The limits of the

inte;ration will be determined presently.

With the field specified at (ro, &, ¢, ©), the field in
interpianetary space at heliocentric ranges beyond T, can Te
cetermined under the assumption that the fields in the perfectly
conducting, freely expanding solar wind are just those
carried outward from the sun, &s a consequence of the

N > >z . , ..
relation (3B/3t) = V x (V x B) for a perfectly conducting mediun

Ll

Thus, consider an element of area at r . The plasma ejectec

[e]

raGielly from the area at velocity Vp in the lime av Gefines an
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element of volume which exhibits the strain effects of a

shear in the negative ¢ direction, along surfaces of constant
g

Thus, a radial field B . at (r, 8, ¢, t) will produce, at
(r, 9, ¢, t + At), a field with the direction and relative
magnitude required by the spiral-field model, i.e., a field
with a radial component (ro/r)2Bor and an azimuthal
component

2

—(ro/r)2 (QS/VP) (r—ro) (sinle)Bor’= -(tan up) (ro/r) B,

Here 4t = (r-ro)/Vp. A field of magnitude B g in the 6 direction

at (r_, 6, ¢, t) will produce & field of magnitude (ro/r)Boa in

the same direction at (r, 6, ¢, t + At). Similarly, a field

td

op P The ¢ direction st (ro, 6, ¢, t) will produce a fieid of

zmagnitude (ro/r)Bnm in the same direction at (r, 8, ¢, t + At).

-+, . .
“hus, the field B(r, 8, ¢, t) will have components

- 2
B, = (r /r)B_ (0, ¢, t-At)

By = (r /) B_4(8, ¢, t-8t) : (3]

8

2 . 4
B = —(ro/r) tan o Bor(e, ¢, t-At) + \ro/r)Bo (8, ¢, -4

¢
where At = (r-ro)/Vp, and where the components of the fielc

Bo .6, ¢, t) &t the point (ro, 6, ¢) at time t are

IR DD 4 ot




B =B +0b
or S0 or

BOG = boe

—
=
—

od b0¢

. \ : P
In our model, Bso is a constant and the perturbstion fielic o,
has components given by Equations 2. XNote that the average

+ - - . .-
vaice of Be is assumed to be zero despite some evidence,

esuribed in Part 1, for a small positive value. For con-

e}

ven.ence, the argument of the cosine function sometimes will

be written 21rfni + 6 i where

f

—~
\J1
e

n, =n.(6 t) =t + (6/fp,.) + £A )

L =008, 0, t) (0/285,) + (o/28

if the motion of the spacecraft is rnegiected, the megnetometer
> ) .

neasures 3(r, 8, ¢, t) at the point (r, 6,¢). For our purposes,

oniy tne values of the quantities B, and a.(f) will bve required,

since xnowledge of the specific phase differences beuween the

freguency components is not important here. However, Xnowledge

of the gradients of the field in interplanetary space is necessary.

™y,
Ao

ne raciai gradients of the irregularities, for a

n

pecific

vaiue of Vp, may be determined from the values of f. In oréer
Lo specify the gradients in the other two directions, the values
of Aei and A¢i must be specified. At this point, our only

recourse is a heuristic choice of these vaiues.




produce irregularities which are, on the average, isotropic

at aiy point on the surface (ro, 8, ¢). First, the magnitudes
| of the r, 6, and ¢ components of the perturbation field must
te ecual, i.e., we required that a%(f) = aa(f) = a¢(f). Next,
the gradients of the irregularities must'be the same in all
three directions. This requirement establishes the dependences

cof Ar* and A¢i upon the frequency f. Now the characteristic
\ Y

lengwh, measured in the radial direction, of the disturbence

| | produced at the freguency f is just A(f) = Vn/f 12 the

&

char.ucteristic lengtihs of variations measured at a point

(ro, 8, ¢) in the & and ¢ directions are to equal A(f),

OAei\f) = A{Ff) and the

the function Ae;(f) is determined by r
£ .

Luncion A¢i(f) is determined by ro(sin 8)A i(f) = A(f).

¢
Thus,
A .{f) =V /fr
ul\‘) p/ o
ana

Aei\f) = Vb/zr051n 8

I e s X C . T . -- .
uncaer taese conditions the field bo satislies, at alil points
the surface (ro, 8, ¢), the requirements that the average sraGlents

Cr each component, the averaze 2rallents Lo Thad

S0 i
Ee L UL v dde wald

“LOWE SLSeCULIONS are Lhe s&ame,  Now this model recquire

7 N



temporas variations of Br(r, 8, ¢, t) be a factor of (rO/rl
smal.er than those of Be(r, 6, ¢, t). However, the measured
fielc exhibits about the same power levels in the variaticn

of a.l three components of the fieid. Thus, the simple mocei
of homogeneous magnetic turbulence produced at the source of the
sola* wind and carried outward aS’fields froien into the sclar

wind is evidently not realistic,

Consider & simpie model in whickh & relatively
stable field configuration is estasblished on the surface &l ro
which rotates with the sun at angular velocity QS' Let this
distribution include the usual constant radial component of

magn.tude Bso and spatially varying components

o
1
o
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R
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whera, as we will see, &, and the first twc terms of the
arguznent of the cosine are functions of f. LIf we transforz

intc the fixed, hellocentric, solar eqguatorial system in which

g' = & and ¢' = o + Rst, this expression becomes
- i [P
o, = b_.18, ¢, t) 7
= | &, cos L2pn.i/n oy % (Zwely 0o limel/a Lo y

R



wnerc, oy comparison with Equations 2, f = QS/ﬁ¢"

-

require, Tor each vector component at (r_, /2, ¢,, thau the

(¢]

grad.ents of irregularities measured in the ¢ direction be the
same as those measured in the 6§ direction, we have 4_, = 4

If we require also that the increments Aei and A¢i be sub-multipies
of 2+, so that boi averaged over é} or ¢' is identically zerc,

we nuve AEi = A@i = 2n/n. Then the Fourier integral may be
replaced by a Fourier series in the frequencies f = DQS/2W.

Here n runs Irom one to N, where N is the grestest integer less

4,

tnan N/(“S/2ﬁ) and f is the Nyquist frequency corresponding

to tle sampling rate of the magnetometer. In this case,

Hy

T\;/Q(2w = 29,255.8, so that N = 29,255. It should be emphnasized
& [

that this boundary condition is employed in order to simplif

the calculations that follow. It is not necessarily justifiable

on prysical grounds. For that matter, the assumption that

by
¢]

T

a ficid configuration, at r = T is actuaily stabie in the anm

of reference rotating with the sun, is not to ve taxen seriously.

~%T iu employec here only as a convenlent way 1o describe &

>

source for a field b(r, 6, ¢, t) that is continuous in space and
time and has veclor compenents with normal distributiocns of
ampliitudes, continuous distributions of frequencies, and irdesendent
anG rancom phases of the frequency components., Thus, eacn

vectur component, bi(t), at a point in space is actually

rega.dea as the output of a Gaussian fandom vrocess. Une

-~
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is tren employed for further convenience.

Accordingly, the components of the perturbation field will

take the

Here nfi.
S

aas been

near the

form
= sin © a, cos [nQ.++ no + né + 6. | (&)
) ip cos [nRgt+ ne o+ 8, | &)
n=n
o
r, 6, ¢

iy

oo where o

2rf so that n, = 2nf0/ﬂ is -the low-frecuency
the frequency range of interest. The fgctor, sin 6,

included in order to insure that V'DOi remains finite

polies, i.e., near 6 = 0, aithough effects at low

latituées are the primary concern here. Then the three components

of the p

fox)

- £ = &>
erturbation field, b, are

(8, ¢, t-At)

]

2
¢ -
\ ()/ ) [eF

= Vow _
= (ro/r; o o{8s 85t At)

2 7 A s N
- i -At) + (v /r (& L—AT
(ro/r) (tan ap)bor(e, 6, t-At) (ro/ )°0¢‘°° $, t-AT.

where gs before




“he coefficients, aij’ in the Fourier series representalion

of bo* may be determined from the estimates of the power spectra

[

o Bi{t} that were described in Part 1. Let dPi(f)/df be
spectial density of the power in the ith vector component of
g(t). Then the coefficients may be evaiuated from expressions
of the form

)h

(sin2 8,) (a

(el
oy
la¢]

Fancy
H

s

~
)
=

-
g
Hy
"

(rO/r1

: 2, .2 .\
6. (ro/rl) (sin Ul)\a

<)
v
—
-
g
~
[o]]
Hy
| W
>
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on

2

&
oS
o
~
fu
4
>
r
n

(ro/rl)LL (tan ap) (sin2 61)(arn2/2)

.

+

(r/x)? (sin” 0)) (s %/2)

where r. and 6, are coordinates of the position of tne spacecraflt
- L N > . - P N

at the time that B{(t) was measured. During the Tiight, &s sacwn

in Fizures 1 ané 2 of Part 1, C.70 < r < 1.0 AU ana 02° < 8 < 9C°

= cm and 61 = 829,

“he index n, and the frequency f_are reiateC Dy the expressicn,

ii

where AT 1s the range of frequencies over which an individual

L il SR AT
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ir.ate of the power density is obteined. Thus, the lower

limit for Af in Egquations 10 is determined by the f{reguency

reso_ution of the corresponding power spectrum. The freguency
T I g

i

fo iz given by
£ = £, - NAT

where fN is the Nyquist frequency. In practice, we will use

1000, corresponding to f_ = f_ * 1073 = .35 - 10T

e
L}

-
N

0

i
4]

“

or :1.1€ cycles per day.

Equations 10, with 6 = 90°, were employed to evaluate the
coefTicients a. . The required values of dPi(f)/df were
obtained from idealizations of the composite guiet-field spectira

that are plotted in Figures 16 - 18 of Part 1. The idealized

speci.ra, also shown in the figures, are given by

ap ()/as = 2072 /1), 0.57 ¢ £ € 507
ap_(£)/df = 2 - 10°(50¢ /£)%, 502 < © < 500% ey
i e ’ o - "o

a@r.(f)/ar = 0, £ » SO0 £,

for » =r, 6, ¢. Here fo = fV/lOOO. In the Fourier-series
s
approximation to the boi's, given by Squations &, cne nundrec

e YA A B - Ty = b} ™ = < n e oy
coeflicients were empioyed. The coefficients

p:

re gLven in. Tolle

el i
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The frequency cependence, f , employed nere for

SOfo <f< 5OOfo is slightly stronger than that actually

exhisited by the experimentally determined spectra. More

receat evidence from 0GO-1 [Holzer, McLeod, and Smith, 2966]

suggasts that the frequency dependence is slightly weaker

{than f-z out to frequencies near the proton cyclotron freguency of 0.08 cps
at waich it steepens sharply and probably exhibits a cutof”.

However, the variations at these higher frequencies are sc

small that the simplifying approximatiocns used in Zquatiocns L2

are not expected to significantly affect the resuits here.

Note also that we have employed the same spectra for Br’ Ea,

and B¢ although the varijiations in Ba and B, were usually greater Dy

¢

-

factors of about 1.3 than those in Br'

In a similar manner, a value for Bso may be obtained from

the measurements of B_(t). Thus,
-

and, since the time average of bor is zero, thne average vzlue

- I

of Jr\t) is Just

(Br(t)> = (rO/r)2 B,

Tne values of Er’ and ErE listed in Table L of Part 1 ina.cate
o

Waesle v
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durirg Solar Rotation Period 1768. From Figure 1 of Part 1,

. . ; 0.
the zverage heliocentric range of the spacecraft was 140 + 10 km.

Thus.
- Tr. ~ 2 2 - ! -~
go THiLl. o 013) /rO 1#3 + 10 > gauss {12}

As mentioned previously, this model is gresily idealized.
However, the overall statistical properties of the model field
are consistent with the properties observed in the field between
tae oroits of the earth and Venus. OSpecifically, the frequency
spectra of the vecltor components of the model field were chosen
1o D¢ approximately the same as the spectra measured in the

guiet interplanetary field, except in frequencies with periods

compcnent, the magnitudes of the constant components of the
vector field have bteen chosen to agree with the averages
exhibited by the corresponding components of the measurecd Tield
auring periods in which the interplanetary Tieid was directec
back towarcd the sun (negative polarity, as cefined in Part 1)
aiony; the spirsl-riela direction. The average field strengih
quring periods of greater solar activity is protably scmewnat

gresser than that observed during the fliigat. Thus, we will



et 1B = 5y at r = 1.0 AU. For convenience, we will it
&

b

Te positive.
S0

The use of thnis model to describe the field in the
region between the orbit of Venus and the sun is presenily
without empirical Justification. However, the evidence for

long-term stability of the polarity patterns of the photo-

spheric magnetic fields [Babcock and Babcock, 1955] and

evicence that the sun's supergranulation pattern has a mean
lifevime of about 10 hours [Leighton, 1963] suggested the use
of this model.

Cne feature of the model field at ry is of interest.
it ray obe recalied, from Part 1, that the measured values
of the power in each of the vector components Bi(t) were
gencrally within a factor of two, or so, of each cther during
any given period. According to our model for the spatial
aepcnéence of the frozen-in fields, this approximate eguality

at = = 1 AU indicates the averages of b and |[b_ | are

o¢'
sma.ler by factors of roughly (ro/r) than the average of

|
og!

1q s < R = ; R 2 r

io__|. Since b | is somewhat smaller than B__, and since
or or §0

(ro/r) is expected to be 0.1 or less, the model field at s

tnea, is almost entirely radial.
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Tne Motion of Charged Particles in the Model Interplsnets vie

oy [
A

In this section, we will estimate the neliocentric range

of wne region of maximum scattering for protons of any par-

ticular energy moving through the interplanetary field descrite

: : . . ..,:.*/ o
by cur model. Specifically, the interplanetary field Bi{r, 6, ¢, tJ

taid

> - - . - s - = -
+ b, composed of the background spiral field, gs, ana &

-
perwurbation field, b, has compcnents:

B.(r, 6, 0,%) =B_(r) +b (r, 8, ¢, t)

r /r)e - ]
(‘O/r) [BSO + bor(*, 6’ ¢, t)-l

Be(r, 8, ¢, t) = be(r, 8, ¢, t) | (13
= (r/r) v, (r, 6, ¢, t)

B;(r, 6, 6, t) = -(tan ap)[Bsr(r) + ‘ar(r, 6, 0, tJ)i
+ b¢(r, 8, ¢, t)
= —(tan a_) (ro/r) (B, * Oor<r’ €, 0, il

~—




for o

=r, 6, ¢, are approximated Ty the Fourier series descrived

in Teblie 1.

[
o]

o
Ky

satis

A charged particle with velocity v will move adiabatically

& magnetic field if the following conditions, given in terms

a coordinate system fixed relative to a line of force, are

fied:

(= /B) (3B/st) << 1

e
~
t
B>
to
A
A
-

verse and parallel, respectively, to the line of force. The

guantity Tg is the period of gyration for a particie of

m and charge e in a fieid of strength B. Thus,

Tg = 2nymc/|e| B

Also, Rg is the readius of gyration, or

Codat

Rg = ymve/je| B




[]
s

2

’ 2\‘-12
y = [1 - {(v°/c%)] /

s

Parker [196L4] has shown theofetically that the scattering
of a charged particle by an irregularity in a magnetic fielg,
if considered as a function of the energy or rigidity of tae
part.cle, exhibits a maximum value. Specifically, as the
part.cle energy increases from adiabatic values, the scattering
increases from zerc to a maximum value and decreases, approscning
| zerc again as the energy approaches relatively nigh values.

The zaximum scattering occurs for the particie energy at waich
tine particle cyclotron frequency is just equal to 33/3t,
measured in the frame of reference moving with the particie.

But resonance of this type is just the situation rep-
reseated by the inequalities given abbve if the left-hand
sides are set egual to unity. Thus, in the rest frame, the

rescnance cccurs for

(7 /B) (8B/3%) = 1
(Rg/B) [(aB), ] =1 {14

In the following then, using these equations, we wish
to estimate the distance from the sun at which a particlie o7

- <Istsion ey “m SRS PR e - 2
L4 cnéluniver Bull & ealLnalle, PR




max.aun scattering, in the model interplaretary field.

We have
B=(3°+37+ B¢2)l/2
= {(Bsr + br)z + b62 + [b¢ - (Bsr + br) tan a;}2:’l/2 (25)
50
(aB/3t) = (1/2) [B_(3B_/at) + B (3B /3t) + B,(3B,/3t)]
= (1/B) {(BSr + ) (b /3t) + b (3b_/3t) {16)
+ {b¢ - (B, +b_) tan ap] [(3b¢/at) - (sd_/otitan ap}}

In order to compute

o
-J
Some

VB = er(aB/ar) + ée(l/r) (3B/a38) + e¢(1/r sir 8) (33/3¢)

we require values of the rather cumbersome expressions



{8Bs3r) = (l/B){Br(aBr/ar) + Be(a

Fa

t

6/

[4V]

(1/B) {(Bsr + br){assr/ar) + (abr/ar)] + be(aba/ar) {18}

- + . { AV
+ LA (BSr br)tan ap] [(ab¢/ar)\aBsr/ar;\tan up)

(abr/ar)(tan ap) - (BSr'+ br) (3tan ap/ar)]}

(1)) 1/Br)[B + B ) + B ({ ;
\1/) (3B/s8) = (1/Br){ r(aBr/ae) Be\aBe/ae) n¢\aB¢/ae)

= (1/Br) {(Bsr + br) (sbr/as) + be(abe/ae)

¢ - ir v N
ab¢ (Bsr + br)tan up;L(8b¢/661 (abr/ae, tan o

- (B

sr

anc

(1/- sin 6)(3B/3¢)

]

+

i

+%_) (3tan a_/3
r Y

8

ALY
'

iil

{1/Br sin e)iBr(aBr/a¢) + Be(aaa/a;}

Be(aBe/a¢)J

\30_/3¢) tan a_.;
- [

H

k¢




From Ecuations 13,

£ n ~ ~ - 2 s ¢ )& Syt
(6B_/3r) = -2(1/r) (ro/r) (Bso + bor/ + \ro/;, \obor/ar,

(33,/08) = (1/r) (r /r)? (3v__/38)
| 2 N
(BBr/aé) = (ro/r) (abor/3¢)

o Sy = £ . \ r [~ ~
(3B./or) (1/r) (ro/r;boe + ( O/r) (3v__/3r)

b08

{38 _/38) = (ro/r) (aboe/ae)
(8B,/3¢) = (ro/r) (aboe/a¢)

(BB¢/3r) = -(1/r) (ro/r)‘oO + (rO/r) (abo¢/ar)

9
2 . 2
+ (2/r)(ro/r) Bso tan ap + (2/r)\ro/r) bor tan %
+{r /)%B_ +b_) (stan  /or)
o 1) or T 7p
- {r /r)2 (3b__/3r) tan
o or P
Y -~ A - I ~.\21..-1 - I o /,\,\‘;
(3B_./58) = (ro/r)(abo¢/36) - (ro/‘/ (B, + cor)\atan a,/38)
- (r /r)2 (3b__/36) tan o
o or D

(3B . /5¢)
\ 9o ®/ ¢

\ - \ s
(ro/r! (3bo¢/3¢) - (ro/r) \BbOr/BQI tan o

The bo;’s are given in Table 1 and Bso is a comstant, alisc
i
iisted in the table.

As in Part 1, we again introduce the coordinate systen,
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wiv, with unit vectors éw’ parallel tc the s; i
of force, &

0° defined as in the rg¢ system, sna &

the right-hanaed orthogonal system. Thus,

w e
g, =& (21)
6 = o e |
|
€ =& sina_+ 8 cos a \
¢ D !
!
ir terms of the unit vectors in this system the spiral fielg
- e P - i - - - .
1S Limpliy Bs = éWDS where the field strength is
- ~\ ! \2 T 2 11/2 ~%
3 r, 8) =3 (r /r 1l + tan” qa e
s( » 8) sotTo/T) 5 (2g;
We may obtain (VB),, using Equations 21 from
(VB). = 9B » &
i W
and (VB), from
Ly f =12 v 2.1/2
H(vB), o= [(vB)° - (v3),7]
mn - - Py 3 " WA m <A A% P .,
for & particle of mass m, charge e, and pitch angle 7y,
vhe upper limits on energy for adiabatic motion may be ovualined
TresoZgustions 14, Substituting time averages Tor 35/3% anc

£y
I
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y = {e/me) (1/27)[(B /(CB/Bt)2>]1/2

YV sin ¥

(e/mec) [<B /(Vb)L2>}l/2

yv cos x = (e/mec) (1/2n) [’B /(vB}, 2y ]1/2

The time averages were evaluated under the assumption that
tae variations in the vector components o the field were
indesendent of one another. As discussed in Parts 1 ané 2
.Colszman, 15667, this assumption is not strictly accurate.
however, the coherences between the vector components were
iow 2nough to be neglected for our present purposes. In
cornputing the various time averages, expressions of the form
Z Gzom)?) v vy (/302

were approximated by (1/B

3

((BB/Bx)2>.

\

Thus, the righti-hend sides of Zguations 23 - 25 wer
- I : - “"""
eva.wated Tor protons in the field 2 =

various values of the pitch angle X, the values of y were

cbtuined and used to determine the values of E from

- 7 FERY
. = LC \Y — &)
Mom R Y aliime I 3 PR D R
«8€ ITesusting values of E are plotted as iuactions of r o
= x - o 5 ™ T A = " L -
L = —~, =2, anda C‘/’ s 1IN JIzZure o for 5 o= (o -C.., LI TLe scoer
Gt % eiaen ST e T v o Of 2 determiras s Tee oL -
Ciwe w0l las SollE, ~oE Values Ol - o Lslernined “ron Lglkaviol J2




are aenoted oy ¥ .. The values determines Irom Lquations

mi
24 aid 25 ere cenoted, respectively, by E_. and Err' Thus,
ees el

for «ny heliocentric range, r = r,, & proton of pitch angle
x = +5°, for example, would be efficiently scattered if it

had an energy approximately equal to one of three values,

E (s=1r),E {(x=45° r=r), orE (x=45, r=r)
mTe bs m o i omy

-

from the appropriate curves in Figure 1. From the curve for

£

:mt versus r in Figure 1, it is apparent that we may negiect
the =ffects of the temporal variations in the modeil field
excedt for protons of rather high energies.

in Figure 2, the shaded areas show the ranges of helic-
centric distance over which maximum scattering may occur for
a proton of a given energy. (Here E . is neglected.) The
particular value or values of r within the shaded area, at
wnich scattering would be most efficient, depend only upon
the piteh engile. In Figure 2, Region A is the region
enc.osed by the curves of Emﬂ for x = 1 and 89°., Region =
18 ihe region enclosed by the curves of Em; for thnese two
values of ¥x.

A comparison of the inequalities that de®ine adisbatic
mot.on with Equations 1h or the approximations to Zguations is
given by Equations 23, 24, and 25, showstnat the values of

, and E_ are Just the extreme upper limits for irie

9]
ct
[0

ranses of energies over which adiabatic motion is possitle.
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at wh.ich non-adiabatic behavior would tecome significant. In
<ais connection, Northrop {1963] has discussed the motion of
charged particlies in static, magnetic mirror machines. Soxe
instebility evidently occurs when the ratio of the gyro

radius of the particle to the distance between the mirrors
exceedas 0.03. For ﬁurposes of this discussion, then, it will
be assumed that the particles with pitch angle ¥ perform

ideal adiabatic motion at the point (r, 8, ¢) if their energies

—3-'-\
&

mi®

. . a1
are _ess than (0.03)7E . = 10
mi
Thus, for example, the motion of a proton Wwith x = 45°
N ~2 - . : . < .
and energy 10  Mev, would begin to deviate from adiabatic
motion at a distance from the sun defined by the intersection
cf the norizontal line E = 105 Mev and the curve for Em...I with
x = 45°, or at r = 0.15 AU. However, it would not reach a
regicn of efficient scattering until it travels beyond 6 AT.

Figure 1 shows that the distance beyond & AU would bve very

reat for protons of small pitch angles.

15}

vzj

rom Figure 2, assuming that the protons behave

et A - -3 . . - ; .-
adiavatically for E < 10 E > it would appear that pariic.es

Pt

witn £ < 1 Mev, which reach r > 2 AU with pitch angles smaller

than a few degrees, will travel freely outward through inter-

b o)
bt
[
e}
o
ct
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ry space at least to 100 AU. This means that most orot

-~
A

with energies in this range will move adiabatically throughout

&

D - . -

inte~planetary space, in ihe model field, since even thoEe W&

e i e A e S = Tt
IEve DIUCH Ahgsgs nearly Hu



witn pitch angles of less than 1°. Under the same assum

o

-~
|9
s

won,

igucre 2 shows that solar protons with E = 10C Mev would degin

“s

tc scatter at a heliocentric range between 0.13 and 0.26 AU,

regardless of pitch angle. Protons with nigher energies

would begin to scatter closer to the sun while those with

enerzies vetween 100 and 1 Mev will start to scatter at ranges

between 0,13 and roughly 2 AU. Note that non-relativistic

s0.er electrons would move adiabatically throughout inter-

10 electrons with the same moments or with energies

are zreater than those given by a factor of o /me =
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As a first step in relating the results of the preced:ing

section to the observed behavior of solar cosmic rays, we will

brielly describe some pertinent aspects of this behavior. The

probability that particles ejected during a particular soiar
fiares will reach the vicinity of the earth is a function of the
posivion of the parent flare. If flare particies reach th
eart., the time of arrival and the time tc maximum intemsity,
rmeasired reiative to the onset of the flare, is slso related

1o tae position of the parent flare. In general. the west-i:zmh
D g >

- maid g

flaras are more effective at producing detectable fluxes wiik

< [ NV 9

shorver delays from the onset of the flare to the arrival anc

+ -

subsaquent intensity peak of the flare particles (McCracken, 195G,

iz and Leinbach, 1959; Obayashi and Hakura, 1960; McCrachen
b —— M —— 2

a, 1960i. The overall spire

£
}..l
0
[®]
I
1
|-J
6]
[}
H
o
d
o
3
@]
=

the

responsible for this dependence upon the position of the
Tiare,

In several cases, the initial directional intesnsity o
soiar-flare particles reaching the earth has Deen chserved to

be stirongly anisoiropic. Two such events, May & and Novemoper

H

1500, nave been described in detail by Mclracken, (1962 in

joe —ia

beih these events, relativistic particles were produced Ty tae

fiaras 8¢ that the Tluxes at the earth could ve detecied oy

neulron monivtors on the surface. An

bionio i S L S
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al50 cetected in the directional intemsities of particles of
lowe: energies following the flare of September 28, 1661,

(Zry:st, Cline, Desai, and McDonald, 1962]. These measurenents

were obtained with earth-satellite instruments. This anisotropy
is evidently a relaetively unusual condition. It occurs onliy
when the parent flare is located near the scurce of lines of
forcz in the interpianetary field that also pass near the earinh.
In each of the three cases, the directional intensity was sut-
seguently observed to approach isotropy.

Fellowing the arrival of the first particles at the earih,
regardiess of the initial isotropy or lack thereof, the invensity
usualily reaches a maximum within a few hours and then decreases
rmucn more siowly, suggesting decay times in the range between
hours &anG aays. Details of the time cdependence of the intensity
cf soLar-Yiare cosmic rays have been deseribed for a number of

evenis. comxamples may be found in Meyer, Parker, and Simpson

oot v F = rs M . s A [T :
{1955, Wincxlier and Zhasvar, LL963;, Arnoidy, Horfman, anc

i}

Winciier, (1960, Anderson and Enemark, [.960), Lin and V= Allen,

119€3], Bryant, Cline, Desai, and McIcrnald, [1965,, and Keimiei:

Many of the recent interpretations of scliar cosmic-ray
fects have involved particle diffusion or scattering oy
magretic-field irregularities., These phencmena are emplioyed
in crder to account for the long decay tinmes meantioned DrevisusLy.

D mems sy D A T S N
A5 LOGQIULIoOnAL JalAZround I0r T4e ILalusslon g our




few ¢f these interpretative models will next be briefly
described. Parker [1963] has proposed a model for the quiet
interplanetary field in which the fielid btetween the sun ana
perhaps 1 - 2 AU is, for the most part, smooth and radial, or
spireled, and in which the field beyond this boundary is

mainly azimutnal and disordered throughout a thick, spherical
shell extending to interstellar spéce. The particie diffusion
occurs in this shell. Diffusion within this shell permits
particles injected into & tube of flux of the spirai field to
appewr on other distant lines of force without crossing the
well organized spiral field. The particles simply trevel cutward
o tie disordered shell, diffuse around the shell, and, in

some cases re-enter the inner solar system on different lires

of force in the spiral field. Leakage outwara across the cuter
boundary of the shell then accounts for the gradual cecay of the

solar cosmic-ray intensity. )

Seid (1964] has described a model in which distributicn
of tie particles is accomplished by diffusion througnh a region in
the solar atmosphere so that the injection of the particles
in tie spiral field actually occurs cover a much wiler area inan
that occupied by the active region. In this model, the pariicles

arzparently diffuse through the chromosphneric magnetic fiells.

1
4

Krimigis (1965, nas compared a different vers.on of Parikes’



aiffisive meaium extends outwara from the sun to several AU. As
in tae other two models, the diffusion is produced by irregu.arities
in the ambient magnetic field that form effective scattering

centers for charged particles.

e

o

Evidence for scattering by field irregularities in i
inner soiar sysiem region has been obtained by McCracken
119¢2] from the previously mentioned analysis of promptly
arriving solar-flare particles. It was found that the
orientation of the axis of symmetry of the airectional intensity
was aboutr the orientation expectea for a Typicel spiral fieldl.
sowever, the range of the directions of arrival was found To
cover a cone of half-angle 80°. It was concluded ithat this
range indicated an equal range in the pitch angles of the
arr.ving particles coming directly from the sun couid only resuil
fror scattering vy field irregularities slong the particle
ra’ectories al considerablie distances from the sun., McCracxken
also cited evidence, from the events of February 23, 1956,

and Simpson, 1657 and July 17, 1959 [Zrown and C'A-cy,

1957,, for a devendence of the 'apparent' pitch angle upen

particle rigiaity. OSpecifically, it was shown that the ajparent
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eased with increasing rigicity until the =
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was apout 1.1 bv and decreased with increasing rigidity asous

+5

this value.

(9]

We would empnhasize that the cependen

e C




scattering upon rigidity is the significant feature of tais

evidance for the existence of scatiering, since the variabil:ity

f tae orientation of the interplanetary field, during & per:od

of &1 hour or so, is typically sufficient to cause particies 1o

arrive from directions differing by 60° or more from the nominel

spiral-field direction. The distributions of the 3-hr, rms

deviations, the magnitudes of the vector components in the

w, £, v system showed typical values during the flight as Tcllows:

Since B
5

—
(¥2}
Nt
n

2.0

is about 4.0y, a preasonable mexirum value for ihe angle

between the ﬁw and ﬁ is

A

57T {4.C - 2.0V2)/1.8/2] = 70°

As nay oe seen from the results presented in Part 1, this angie

can easily be greater. The angle from the spiral-field aireciion
to itne actual field was denoted by SB in Part 1. The

of +he values of this angle during SRP 1708 is show in Figure .-

4

cf Part 1. Note that the values of SB near 90° were recorded

Trecuently.

mov.ng adiabatically along the lines of force

The variatility of this angle indicates that particles

it A me
Py wita p.‘uc.- “‘g..ES
[ P v o 3t I ompm A PSS - - oL
, may ofter arrive from directions differing by O
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from Tne nominal spiral-field direction during any perioc of u

few nours. For this reason the dependence of the apparent piteh

angle, or scattering angle, upon rigidity is the strong

[{]
[77]
P&

evidence for the occurrence of scattering by the field between
the sun and the earth.

In any case, McCracken found that particles of energies
near 450 Mev exhibited the greatest apparent scattering. As
showi. in Figure 1, our model for a typical field configuration
indicates that protons with energies in the range 1 - 2 Bev and
pitch angles in the range 0 - 45° will encounter the most
efficient scattering at r = 1 AU. Protons with energies of
5 to 9 Bev would also be scattered efficiently if any were
present with pitch angles in the range 45 to 90°.

Aithough the values of 450 Mev &nd 1 Dev are satisfactorily
close to equality, it must be kept in mind that the calculations
here do not allow us to determine the integrated effects of
scattering in the region between the sun and 1 AU, and it is
the integrated effects that determine the directional spectiral
intersity at 1 AU. Thus, the rough agreement between thne
'energy of maximum scattering' observed at 1 AU and energies for
wnich: the scattering by the field is most efficient at 1 AU may
not ve particulariy significant, since the Former is determined
by tie integrated effect of scalttering between the sun anc L AU,

atter is determined by the scattering efliciency at

Cov

ot

wolie the




Let us consider next the models invoiving ciffusicn or tae
solar-flare particles in the light»of the results of the
preceding section. Of the three, one requires Giffusion
through the solar atmosphere. Since-our results have no cdirect
bearing upon this model, we will consider further only the other
two. One of these models requires diffusion in the innerAsol&r
systen and the other requires a small smount of scattering
in this region and diffusion in a thick, spherical shell welil
seyond 1.0 AU. Thus, in the latter model the field imside
2.0 AJ is essentislly a smooth, spiral fieid. A comparison
between the spiral-field model and -the observations described
herein has bdbeen ?rovided in Part 1. The observations have
estabiished the existence of substantial perturbations about ihe
spirai-field configuration inside 1.0 AU. The guestion at

hand is whether these perturbations are sufficient to produce

o Y

fusion of

&

ai

+

solilar cosmic rays through the inner solar systeam.
s mentioned previously, the model that requires diffusicn In

this region nas been examined in some detail by Krimigis (1683,

€

ct
£

wno compareG the behnavior of sclar cosmic rays indica foN's
+he model with the benavior observed during the event of
Septexber 28, 196i. The comparison provides indirect evideunce
concerning various properties of the field irreguiarities
betwesn the sun and the earth. In deriving this diflusion

o - -

model used by Krimigis, Parker 11901) assumec thal the sclar-l.are
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varticles perform an isotropic random walk thrcugh a rield of
gtatic irregularities the density of which depends only upon T,
the cistance from the sun. It was further assumed that the
resu_ting particle diffusion was described by a diffusiocn
coefricient given by Mre where M an@ 8 are functions of the
particle energy E. Given solutions of the resulting diffusion
equation and the observed time dependence of the spectral
intensity of the solar cosmic rays near the earth, Krimigis
ootanned values of the two parameters in the diffusion coefficient
for various particle energiles.

For the event of September 28, 1961, it was concluded that
g was independent of E for E » 55 Mev and that, at r = 1 AU,

the Ciffusion coefficient was nearly constant for 40 < E < 55 Mev,
33

. 0. . -
but .ncreased as E for 55 < E < 450 Mev, The valiue

t=
i}

.50 Mev was evidently about the highest recorded during the
eVEens.

Now the diffusion coefficient for particles executing
isotropic random walk in & static scattering medium can be
writien Av/3 where ) is the mean free path of a particle and v
is ius velocity [Parker, 1963]. The energy cependence of tne
diff.sion coefficient and the velocity for £ > 55 Mev indicate
that A decreases rapidly with increasing £ for £ > 55 Mev,
flat.ens out and approaches a consﬁant value of 0.C8 AU at

, = 350 Mev.

23]
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mean Iree path of the particles that suffer the BLOST SCalLerin
This result leads to the conclusién that the vaiue of & = L350 Mev,
at wilch XA appeared to reach a constant value, was prooadly not
much smaller than the energy at which maximum scattering would
have occurred. That is, if the particles with E consiceravly
greater than 450 Mev had been observed, the value of A for these
part.cles would have been gresater.

in otner words, for the event of September 28, 1961, tie
girfusion model suggests that, at 1 AU, the smaller of the
resonant energies Em“ and Emi was somewhat greater than 450 Mev.
Ynus, values of E = 1 ~ 2 Bev obtained for maximum scattering
at r = 1.0 AU, are in satisfactory'agreement. Recgll that this
same epproximate value of 450 Mev was assigned to the particles
wnLat exhibited the greatest apparent 5cattering QUIring the
svenls stuaied by McCracken.

As discussed previously, it is appareni froz Figure 2,

thatl sc.ar protons at 1 AU with E

14

1 Mev would nct show any
scattering effects. However, the scattering would increase with

eneryy, probably slowly at first, to £, (yx = 1°, r = 1 AU;

* -
J = L

(¥
[t1]
o«

This energy depvendence of the scattering at 1 AU is also in
rougl. agreement with that discussed above, based upon estirmates
of tie diffusion coefficient at 1 AU.

The results of this comparison indicate that variatiors

in tLe quiet interplanetary field, such as those cobserved
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perticzles exhibit resonances with the field irregularities.
“ne integrated effects of the scattering will ﬁot be

accurately determined here. However, from Figure 2, it is
apparent that a particle of energy E may always encounter a
regica of maximum scattering between the sun and interstellar
space, since any line of constant E crosses either Region 4 or
regicn B, or both. These areas define regions of maximunm
diffisive resistivity, since, within the range of r so defined,
protoens are most likely to encounter the most gffective scattaring
anéd «iffusion regardiess of their pitch angles.é Thus, the maximum
dynanmical friction or resistance to the progress of the particie

in the radial direction is likely to be encountered in this

- o

intensity of solar-flare protons may be interpreted in terms
o tae propertvies of Regions A and B witnout recourse tc a

Tormai derivation of a diffusion coefficient. (onsider fist
particles with energies greater than 10 Bev. These particles

wiil encounter Region A somewhere insid
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neir arrivai av 1 AU will be delayed somewhat, and They will
show the integrated effects of their iraversal of the region.

A determiration of the length of the delay, the magnitude of the
scavtering, etc., must aait the derivation of an expressicn

Tor the Giffusion coefficient. The 10-Bev particles that reach



1 AU with smell pitch angles are relatively free tc travel
outwerd through Region B to distances as great as 20 AU, wnere
tney again encounter some efficient scattering. Thus, the time
ceperdence of the directional spectral intensity of these
particles will be determined partly by the socurce of the perticles

and vy the diffusion at r < 1 AU and partly by the diffusion at

Consider next particles with energies less than 100 Mev.
These particles will not encounter Region A at all, and they will not
encounter Region B until they are well beyond 1 AU. However,
they may begin to scatter inside l‘AU, according to the rather
restrictive assumption that scattering effects will set in at
E o= 10-3Emi. Thus, the properties of the solar protons at 1 AU
with energies less than 100 Mev will be determined by the source
and the diffusion at r > 1 AU primarily, with iittle dependernce
upen aiffusion at r < 1 AU.
As mentioned previously, in order to account for ine ce-
sayed arrivails of isotropic fluxes of fiare particles with
energies in the 1 - 100 Mev range and at the same time account
for the long decay time of the intensity of these particles,
Parker suggested that a thick, diffusive shell might exist
somewhere beyond 1 AU. But the properties required of the shell
are just those that might be expected of Region B. For example,
the fields in Region B could scatter the lower energy pariicles back
TOWAre The sun. Thus, the Tielids descrived Uy the modes

P b g 3 am e Y g 4 Sy
L&y &ocount I0or Lhe i



>
disiridution of the flare particlies and the long aecay times,
theredy eliminating requirements for speciel mechanisms such as

instabilities or shocks which were assumed to be capable of
developing such a diffusive shell.

A precise comparison of the observed cosmic-ray effects

5

nd tae effects expected to be produced by the model field

ust await {he derivation of an explicit diffusion coefficient

H

Jor tze model. However, on the basis of this qualitative
Giscupsion, it would appear that many of the variations in <ne
ensities of sclar-fiare protons may be
expieined in terms of this relatively simple model for the

gulet interplanetary field.




Acknowledgments

“his work was supported by the National Aercaautics

and Space Administration under Research Grant NsG 249.




References

Al?vén, E., and C.G., Félithammar, Cosmical Electirodyrnamics, Fundsxentsa’

Principles, Clarendon Press, Oxford, 1963.

B BSIC R B e

tnderson, X.A., and D.C. Enemark, Observations of solar cosmic rays

near the north magnetic pole, J. Geophys. Res., 65, 2657-287i, 1960.

Arnoldy, r.L., R.A. Eoffman, and J.R. Winckler, Solar cosmic rays and
soft radiastion observed at 5,000,000 kilometers from earth, J.

Geopiys. Res., 65, 3004-3007, 1960.

3apcock, E.W., and H.D. Babcock, The sun's magnetic field, 1952-1554,
Lstropnys. J., 121, 349-366, 1955. A

Brown, R.R., and R.G. D'Arcy, Observations of solar flare radiaticn
at n.gh latitude during the period July 10-17, 1959, Phys. Rev.
Lettsrs, 3, 390-392, 1959.

Bryant, D.A., T.L. Cline, U.D. Desai, and F.B. McDonald, Explorer 12
observations of solar cosmic rays and energetic storm particles
after the solar flare of September 28, 1961, J. Geophys. Res.,
67, 4983-5000, 1962.

Crandrsseghar, S., Stochastic problems in physics and astronomy,

Fev. ¥od. Phys., 15, 1-87, 1943.

Cclieman, 2.5., dr., Variations in the interpianetary magnetic

>
Institute of Geophysics and Planetary Physics, University
California, Los Angeles, 1966.

Coleman, P.J., Jr., Variations in the interplanetary magnetic Tie.id:
Mariner 2, Part 2. Interpretation in terms of hydromagnetic
waves, Publication No. S04, Institute of Geophysics and Planstary
Physics, University of California, Los Angeles, 1966.

Holzer, 1.E., M.G. Mclecd, and E.J. Smith, Preliminary results from

“he Ugo 1 search

&

coil magnetometer: 3Doundary position

e cmmmt s T CaamRua . Rea - fet LT T GBS T ORE
LOLL€ 3pecira,; v. uSlpRLYE., hes. Ly Aoty AHCL-L400, LYOC.
- —— - z

peiihucuiR i S Dl



Krimigis, 3.M,, Interplanetary diffusion model Zor the itime behevior of
intersity in cosmic ray event, J. Geophys. Res., 70, 2943-2ycd, 1§05,
Leignton, Robert B., The solar granulation, Annual Review of Asironomy

2

and {strophysics, 1, 19-40, 1963.

Lin, W.C., and J.A. VanAllen, Observation of sclar cosmic rays from
Cctover 13, 1959, to February 17, 1961, with Explcrer 7, Proc.

Intern. School Phys. Enrico Fermi Course XXIV: Space Ixploration

ana *ne Solar System, 194, Academic Press, New York, 1963.

_ust, R., and J.A. Simpson, Initial stages in the propsgation o cosnmic

rays produced by solar flares, Phys. Rev., 108, 1563-1576, 1957

-

McCracken, K.G., A correlation petween the emission of white light

Mclracken, K.G., Cosmic ray flare effect: Parts 2 ané 3, J. Geophys.
3 ¥ =
Res., ©7, L35-456, 1962,

McCracken, X.G., and K.A.R. Paimeira, Compariscon of sclar cosmic-
ray .njections including July 17, 1959, and May 4, 1960,
Geopiys. Res., G5, 2073-2683, 1960.

Meyer, P.5., E.N. Parker, and J.A. Simpson, Solar cosmic rays oY
J b b I

pagation through interpianetsry

Northnrop, T.G., The Adigbatic Motion of Charged Particlies, Number 21
Y ’ Pl ] s

Interscience Publishers, New York, 1963.

Coayashi, T., and Y. Hakura, Propagation of solar cosmic rays LLriugh
the interplanetary magnetic field, J. Geopays. Ees., o5,

e

(10,, 3143-31k8, 1960.
Parger, L.N., Dynamics of the interplanetary gas and magnetic Jielas,

Astrophys. J., No. 128, 66L-676, 1958.

rarger, L.N., Sudden expansion of the corona foliowing & large sCLar

flare and the attendant magnetic Tield anc cosmic ray eifecis,

~ - hi ISR it } = e i £
ASLIOLLYS. <., 1233, 1014-1033, 1961.
Parse sWN., Intercianetary Dvonamical Yrocesses,; Interscience
-
DT T - Ny e " 2
T SRR e YA \l\a.;\, .\.903.



Parker, E.N., The scattering of charged particies by magnetic

irregularities, J. Geophys. Res., 69, 1755-1758, 1964,

keia, G.C., A diffusive model for the initial phase of a solar

proten event, J. Geophys. Res., 69, 2659-2667, 196k,

Reid, G.C., and H. Leinbach, Low-energy cosmic-ray events

associated with solar flares, J. Geophys. Res., 6k,

\

(1i;. 1801-1805, 1959.
¥inckiér, J.X., and P.D., Bhasvar, The time variations of soler cosmzic
rays during the September 3, 1960, event, J. Geophys. Res., £8,

2115, 1963.

o

(@]

O

\O
t



Table 1
The Vector Components of the

Mocel Interplanetary Field

IR Y-
B = \ro/*) (Bso + bor)

H

td
[}

(ro/r; boe

b
it

, 2 .
- + +
\ro/r) (Bso bor) tan ap (ro/r)oO

¢

wher:

b; =sin8 ) a  cos temar v - (W/Vp) (r-r_)

+ (e/as) + (¢/ﬂs)] + an;I

3
PY

LnEeYe
i =T, 6) ¢
£ = £ /1000 = 1.35 - 1077 cps
5 N/ : 35 P
QS = 2.9 « 10 = rad/sec
7 \2 ’ _5
2 = I )T (5« 10 auss
B = (ry/r 07 (5 ) aa
8§ . is an arbitrary phase angle
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Table 1

(continued)
a = {1
&n \Il/ro> c
a = \r./r Jc
n ( ;/ o) 0
a = {i~{r /)" (r.-r ) (R./V )}2 + {r /r )2;-1/2 .
- 17 71Tt sy o' ™1 .
where
r. = 1.4+ 10" cm

anG ihe cn's are as follows: For n = 1,

e, = 2.66 - 10“5 gauss

b

For 2 < n < 10,

s, = 1.64 + 1077 {in{(5n + 2.5)/{5n - 2.5)]}1/2 gauss

For 11 £ n £ 100,

. . p 2
e = b2k 1077 {[2/(5n - 2.5)] ~ [1/{5n + 2.5)]}}/

gauss
n




igure Captions

v

igure 1. Proton energies at which maximum scattering wouicd
occur in the model field. The values shown are those for the
solar equatorial plane. Note that the values of E for Em
are g.ven on the right-hand side while those for Em and £

are given on the left-hand side,

3}

igure 2. Regions of most efficient scattering for protons.
For a particular energy, the values of r within the regions
at wh.ch the most efficient scattering would occur depend
upon the pitch angle. The values for a pitch angle of 45°

are sacwn.
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